We present a theoretical investigation, based on ab initio calculations and the quasi-harmonic approximation, on the stability properties of magnesium (MgCO 3 ) and calcium (CaCO 3 ) carbonates at high temperatures and pressures. The results indicate that those carbonates should be stable in Earth's lower mantle, instead of dissociating into other minerals, in chemical environments with excesses of SiO 2 , MgO, or MgSiO 3 . Therefore, considering the lower mantle chemical composition, filled with major minerals such as MgSiO 3 and MgO, calcium and magnesium carbonates are the primary candidates as carbon hosts in that region. For the thermodynamic conditions of the mantle, the results also indicate that carbon should be primarily hosted on MgCO 3 . Finally, the results indicate that carbon, in the form of free CO 2 , is unlikely in the lower mantle.
I. INTRODUCTION
Carbon is a unique chemical element, mainly due to its rich bonding nature, which provides a wide range of stable and metastable structures in several hybridizations and configurations. Particularly, the role of carbon on Earth's natural phenomena has been extensively studied over the last few decades. The carbon cycle affects atmosphere, oceans and other shallow crustal phenomena, directly influencing climates and ecosystems, and consequently life on Earth. While there is considerable accumulated knowledge on the carbon cycle near Earth's surface, there is still scarce information on the processes associated with its deep layers 1 .
In order to build consistent models on the Earth's carbon cycle, it is important to establish a proper understanding on its chemical composition. The knowledge on the solar system composition, based on information from carbonaceous chondritic meteorites that have hit the Earth, allows to estimate the expected amount of carbon that should be present on Earth 2 . However, the current known carbon reservoirs on its shallow layers is about two orders of magnitude smaller than the expected value, suggesting that this missing carbon should be stored on its deep layers, which has been labelled as deep carbon reservoirs 1 .
Estimates indicate that the Earth's deep interior may contain as much as 90% of all available carbon. Such conclusions have been supported by a number of indirect evidences, such as the presence of CO 2 in magmas 2 and mantle mineral inclusions in natural diamonds [3] [4] [5] .
There are several questions on the properties of deep carbon that remain open, such as determining the amount and distribution of those carbon reservoirs within major mantle minerals, and understanding the complete carbon cycle, associated with exchange of carbon between Earth's surface and its deep interior. For example, current estimates suggest that the carbon flux into Earth's mantle through subduction substantially exceeds the carbon flux emitted by volcanoes, opening the question on the minerals that host such carbon in the mantle.
Those issues could only be addressed with a deep understanding on the behavior of carbon-related minerals under high pressures and temperatures, particularly on the thermodynamic conditions of the mantle 6 . Although some carbon may be stored in the core, the mantle is thought to be its largest reservoir. Strict convergence criteria were taken into account for the simulations, with the atomic positions being considered converged when all forces acting on atoms were smaller than 0.01 eVÅ −1 . For each pressure, from 0 to 150 GPa, the structures were optimized using the damped variable cell shape molecular dynamics method 25 . Then, a second order BirchMurnaghan equation of state was used to fit the compression data.
B. Thermodynamic properties
The thermodynamic properties were investigated by computing the vibrational modes (phonons) of the crystals using the Density Functional Perturbation Theory 26 , with a 12 × 12 × 12 q-mesh to calculate the vibrational density of states (VDOS) 27 , and the quasiharmonic approximation (QHA) 28 to compute the respective Gibbs free energies.
The results for finite temperatures were reported within the validity range of the QHA 28 .
It is well established in the literature that the QHA results for the thermal expansion, α(P,T), start diverging beyond a certain temperature, in opposition to available experimental results. Such divergence results from the fact that this methodology disregards anharmonic effects 28, 29 . However, this quantity is also clearly quite sensitive to the choice of XC functional used 22 , and could still be used at high temperatures, providing results consistent with experimental data in the region in which the thermal expansion coefficient does not diverge. Therefore, at high temperatures, the validity region of the QHA has been shows that within the validity limit of the QHA, the thermal expansion coefficient is in good agreement with available experimental data 31 .
We explored the validity of the QHA at the lowest pressure phases for all minerals considered in this investigation. The region of low pressures and high temperatures represents a stringent test for the QHA methodology, since it is when the thermal expansion coefficients present major divergences when compared to experimental data. The QHA provided appropriate thermal expansion coefficients under the thermodynamic conditions of interest in this investigation.
Our results on thermal properties of all minerals investigated here are within the validity region of the QHA, and in good agreement with available theoretical and experimental data 28,31-34 .
C. Crystalline phases
In order to explore the stability of carbon-related minerals, within the thermodynamic conditions of the lower mantle, we initially studied several crystalline phases of CaCO 3 and MgCO 3 carbonates and CaSiO 3 and MgSiO 3 silicates in a wide pressure range, by computing their respective enthalpies and Gibbs free energies.
For any mineral at a certain temperature and pressure, the respective stable phase is determined as the one with the lowest Gibbs free energy value, using the theoretical model described in the previous section. Additionally, a mineral follows a phase transition at a certain pressure when the free energy of the stable phase becomes higher than the one of a different phase. Our results on stability and phase transition pressures of several carbonate and silicate minerals were in good agreement with results from other theoretical and experimental investigations [11] [12] [13] 15 .
We considered a number of crystalline phases for constituents. In reality, the phenomenology is quite the contrary, as the figure shows, a temperature increase further reduces the possibility of free CO 2 to exist in that region.
B. Stability of carbonates under excess of SiO 2
We now evaluate the stability of carbonates in a condition of excess of SiO 2 , as represented by reactions (R3) and (R4). This condition is particularly important when one takes into account that the upper and lower mantle have material mixing, resulting from the basaltic part of subducting slabs, which is rich in SiO 2 12 .
MgCO 3 + SiO 2 ⇒ MgSiO 3 + CO 2 (R3) It should be pointed out that our investigation carries some uncertainties on the transition pressures of SiO 2 , as shown in figure 2, which could play some role on the final conclusions about the reactions (R3) and (R4), particularly on the properties near the core-mantle boundary.
C. Stability of carbonates under excess of MgO or MgSiO 3
It is reasonably well established that MgSiO 3 and MgO are the two major minerals in the lower mantle. Therefore, it is important to study the stability of MgCO 3 or CaCO 3
carbonates in a rich environment with those two major minerals. To explore those conditions, we evaluate the energetics associated to reactions (R5) and (R6).
Figure 5(a) shows that the reaction (R5) is energetically favorable, i.e. CaCO 3 + MgO is more stable than MgCO 3 + CaO, at lower mantle conditions. Although by increasing the temperature, the relative Gibbs free energy is reduced, this effect is not large enough to change the stability of MgCO 3 . Therefore, when there is MgO in excess, as expected in a pyrolitic mantle, CaCO 3 is the stable carbonate under those thermodynamic conditions. Additionally, our static results are in good agreement with recent results from other investigations 12,13 .
We now explore the conditions of MgSiO 3 excess, which is the main mineral in the lower mantle. Figure 5 would require a much colder mantle.
IV. SUMMARY
In summary, this investigation explored the stability of MgCO 3 and CaCO 3 carbonates in the thermodynamic conditions of Earth's lower mantle. The results indicated that a direct decomposition of those carbonates is unfavorable at high temperatures and pressures.
Assuming an iron free pyrolitic lower-mantle composition, the investigation also explored the stability of those carbonates in conditions of excess of SiO 2 , MgO, and MgSiO 3 .
In a MgO-rich environment, the results showed that calcium carbonate is more stable than magnesium carbonate, and the relative energy reduction with increasing temperature
was not large enough to change the stability of CaCO 3 . On the other hand, in a MgSiO 3 -rich environment, the static results showed that at the upper half of the lower mantle, the MgCO 3 + CaSiO 3 reaction is more favorable than the CaCO 3 + MgSiO 3 one, while at pressures higher than 75 GPa, the latter becomes favorable. However, when the effects of temperature are taken into account, this behavior changes dramatically and the increase in temperature increases the pressure at which this reaction becomes favorable, and finally the magnesium carbonate turns out to be more stable than the calcium carbonate.
Since magnesium silicate is the main component of a pyrolitic mantle, it can be inferred that carbonates appear to be favorable in the form of MgCO 3 . Therefore, the magnesium carbonate should be the main host of oxidized carbon in most of the lower mantle. Only in the bottom of the mantle or in a region with MgO in excess that calcium carbonate could become preferable. However, in the bottom of the mantle, this carbonate would be favorable only considering geotherms with very low increase in temperature close to the core-mantle boundary.
The results also showed that both carbonates do not decompose into their respective alkaline oxides plus CO 2 through the entire lower mantle, which indicates low concentration of free carbon dioxide in those regions. However, the decomposition reaction of MgCO 3 into MgO+CO 2 would only be possible very close to the core-mantle boundary. Furthermore, free CO 2 could be produced in an environment with excess of SiO 2 , as in small silica-rich basaltic parts of the subducted slabs.
All those results add new evidences for the presence of carbon on deep mantle in the form of carbonates 1,11 . However, it is still uncertain how the presence of iron, and its rich phenomenology associated to spin transition at high pressures 49,50 , would affect the stability of carbonates in the lower mantle. Moreover, the decomposition of CO 2 into diamond plus oxygen should be explored to enrich the discussion of the presence of carbon in the deep mantle in a reduced state. The figure also shows several geotherms: thick gray 15 , green 46 , blue 47 , and red 48 lines.
